Introduction
Controlling the amount of chromium oxides in electric arc furnace (EAF) slag in stainless steelmaking is essential in ensuring high energy and resource efficiency of the EAF process, as well as ensuring low chromium leaching from EAF slag. All the oxidized chromium left in the slag after the EAF tapping can be considered lost as an alloying agent. The amount of oxidized chromium has to be replaced in later processing to ensure the composition limits of specific steel grade are reached.
CrO x in EAF slag is reduced to some extent in the EAF heating period, but the most intense reduction occurs during EAF tapping. The intense mixing increases the contact between EAF slag and steel melt, and the silicon and carbon dissolved in steel reduce the chromium oxides. The chromium recovery can be ensured by having high silicon content in steel melt with ferrosilicon additions near the end of the heat. 1) However, if the CrO x content of the slag is high, larger fraction of chromium is in spinel precipitates, which are not thought to directly react with dissolved silicon, but have to first dissolve to slag.
2) The consequence is that the target of low CrO x content of the ladle slag is not reached when the CrO x content of the slag before tapping is too high.
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If the amount of chromium containing solid precipitates is high, the most effective means to promote chromium recovery is to enhance the kinetic conditions of dissolution of precipitates by increase in stirring or by employing different tapping procedures.
2)
The challenge in reducing the chromium from slag with carbon or silicon additions is in the calculation of the optimum amount of additions. If too much silicon containing material is introduced to the furnace, the silicon level of the melt will rise to an undesirably high level. This is an issue in the converter process since silicon is oxidized along with carbon. Excessive oxidation of silicon causes the melt temperature to increase, which must be compensated with cooling scrap. In addition, the increased SiO 2 content of the slag has to be compensated with additions of CaO to keep slag basicity at acceptable levels, which increases the amount of slag. 1) To charge the correct amount of reducing material to EAF or to employ the intensified stirring for dissolution of chromium containing precipitates, information about the chromium content of the slag is required.
The EAF slag composition has been conventionally measured by taking samples from the EAF slag and analysing the samples in the laboratory. The challenge in conventional sampling is the delay between obtaining the sample and the result of the analysis. The slag sample represents the slag composition only in the late stage of EAF processing when all of the scrap has molten. This heating stage can be quite short and it is not usually possible to wait for the analysis result to arrive. In addition, taking a representative sample from stainless steel EAF slag is not an easy task as it is very inhomogeneous due to high viscosity.
Recently, new methods to produce on-line data on the slag composition have been proposed. Some of these methods measure slag composition directly by electrochemical sensor 3, 4) or by laser-induced breakdown spectroscopy (LIBS), [5] [6] [7] while others measure the slag composition indirectly by monitoring off-gas composition 8) or electrical parameters. 9) Both of these types have their advantages and limitations. Direct measurements usually suffer from having to place delicate equipment into hazardous furnace conditions. On the other hand, with indirect measurements, it is sometimes hard to distinguish the influence of other process parameters besides slag composition from the measured property.
In order to get around these challenges, a new method to analyse the slag composition by measuring the optical emission spectrum of the electric arc has been proposed. 10, 11) It combines the remote data analysis with the possibility to measure the arc phenomena directly. The feasibility of analysing slag compositions from arc plasma with on-line optical emission spectrometry (OES) has been previously studied at the laboratory scale 10) and the feasibility of measuring optical emission spectrum from industrial EAF has been demonstrated. 11, 12) During these measurements, it was found that the arc emission spectrum of EAF is dominated by the atoms originating from the slag components. The connection between arc emission spectrum and slag components suggest that the arc emission spectrum can be used to analyse the composition of the slag.
In this work the changes in arc plasma are mitigated using internal reference. Another possibility would be to use calibration free method by utilizing plasma diagnostics to define and correct the characteristics of the emitting arc plasma. However, this can be challenging due to non LTE conditions in transient AC arc plasma and constant movement of arc. The purpose of this study is to define the accuracy of measuring the chromium content of the EAF slag from arc emission spectrum, propose a method to combine multiple reference components to measured relative Cr 2 O 3 content of the slag and provide guidelines for selecting reference components for the application of the method in industrial EAF.
Experimental and Methods

Furnace Description
The experiments were performed in an airtight pilot arc furnace, which approaches the operation conditions of industrial scaled arc furnaces. The water-cooled furnace consists of a fixed top reactor and a moveable crucible with a maximum capacity of about 200 kg of steel melt. It is possible to operate in AC-mode with two electrodes or in DC-mode with one top electrode and an anode in the bottom of the crucible. In AC-mode, the maximum active power is 600 kW and in DC-mode it is 300 kW. The experiments in this paper have been carried out using the AC-mode. The transformer has a rated power of 850 kVA and the secondary voltage is adjustable in 10 steps from 250 to 850 V. The maximum arc current is 2 kA. A photograph of the vessel of the pilot furnace used in the measurements is presented in Fig. 1. 
Measurement System Description
The measurement system consists of a measurement head, optical fibre, spectrometer and analysis computer. The measurement head is a stainless steel pipe with an aperture for the optical fibre. The measurement head was installed to the injection tube in the furnace shell, which had direct vision to the electric arc. The position of the arc was verified with visual observations. The measurement head configuration yielded a measurement area with a diameter of 15 cm in the estimated position of the electric arc.
A Thorlabs 600 μm fibre of 10 meters length was used in the measurements. The spectrometer was Avantes Avaspec ULS3648 with 10 μm slit, 500 nm blaze and spectral range of 400 nm to 900 nm. The spectrometer configuration has an optical resolution of 0.3-0.36 nm. The integration time was 5 ms or 10 ms depending on the intensity of the light Fig. 1 . Pilot EAF at RWTH Aachen University.
emission from the arc. CCD based averaging to 500 ms was used.
Test Period Description
Two heats with varying Cr 2 O 3 content of the slag were measured. The furnace was first loaded with stainless steel, carbon steel scrap, anthracite and slag formers. After the first batch was molten partially, more stainless steel scrap was charged to the furnace along with more slag formers. After the second batch of scrap had molten, the actual measurements were started. Optical emission spectrum of the electric arc was continuously measured, while the Cr 2 Same amount of slag formers was charged in both heats. The composition of slag according to the charged slag formers and X-ray fluorescence (XRF) analysed slag compositions after each Cr 2 O 3 addition are presented in Table 1 . The amounts of the charged slag formers were selected so that low viscosity slag with low melting point was obtained along with sufficiently high basicity. The slag formed in the beginning of heat was aimed to have liquidus temperature below 1 500°C. It can be observed in Table 1 that the Cr 2 O 3 content of the slag increases during the heats, as was the purpose of the Cr 2 O 3 additions. All oxidation state of chromium were summed to Cr 2 O 3 in XRF analysis. Therefore, throughout this study all chromium oxides in slag are referred with Cr 2 O 3 . It is interesting to note that the FeO amount differs in both heats. This is likely caused by differences in steel composition in both heats and varying amounts of anthracite additions.
Data Handling
Data was acquired by an in-house spectrum analysis software specifically created for the spectrum analysis. Spectral distortions were corrected according to the data provided by the manufacturers of the optical fibre and spectrometer. The software was used in off-line analysis of line intensities; the atomic emission lines were approximated by Gaussian functions.
Results and Discussion
Overview of Arc Emission Spectra
Optical emission spectra of the electric arc contained numerous atomic and ionic emission lines, as was to be expected from the previous measurements. The overall form of optical emission spectrum is very similar to optical emission from industrial EAF, as can be observed in Fig. 2. 
Slag Composition Analysis
The chromium content of the slag was analysed by calculating the spectral line ratios of chromium and other components. The line ratios were calibrated to the results of XRF analysis. The optical emission spectra during the last minute of heating before the furnace was shut down for slag sampling were used in composition analysis. The slag composition during this period can be assumed to correspond well to the slag composition analysed with slag samples because the added Cr 2 O 3 powder had time to mix to the slag and the energy lost in the slag sampling has been supplied back.
Many of the observed spectral lines were related to the transitions of Cr I, Mn I, Mg I, Ca I, Fe I. Lines were compared to NIST database of atomic emission lines 13) to ensure there was no overlapping of major slag components. After the comparison, the suitable peak candidates were taken for further analysis. It can be observed in Table 2 presenting the selected peak candidates that the lines selected for the further analysis were of Mn I, Cr I, Fe I, Ca I and Mg I transitions.
Cr I Lines and Slag Chromium Composition
All but the Cr I 735.589 of the Cr I lines selected to slag Cr 2 O 3 composition analysis were strong or persistent according to NIST categorization. The advantage of using intense lines is that their shape is easy to approximate and they are more robust against spectral interferences. The disadvantage is that intense lines are more prone to selfabsorption than weaker lines.
14)
The simplest method to analyse slag Cr 2 O 3 composition is to approximate it with only intensities of Cr I lines. The accuracy of this type of analysis is intrinsically low, because the line intensities depend also on other phenomena besides the density of chromium atoms in plasma. Nevertheless, it provides a starting point for analysing the accuracy and added value of internal reference method.
It can be observed in Table 3 that the linear regression between Cr I lines and slag Cr 2 O 3 content is between 0.49 and 0.62. The accuracy of approximating slag Cr 2 O 3 content with Cr I lines only is not sufficient, as can be observed in Fig. 3 presenting the relation between slag Cr 2 O 3 content and the line intensity with the highest linear R 2 to XRF analysed slag Cr 2 O 3 content. The deviation from the expected behaviour is very high for some points, which means that the other phenomena besides the Cr 2 O 3 content affect the Cr I line intensities considerably. The main cause for low linear regressions is the changing overall level of the spectrum, which is likely attributed to the changing arc visibility conditions. The intensity of a single Cr I line has much higher correlation to the intensity of other Cr I lines than slag Cr 2 O 3 content. The variation of the linear regression coefficients between different Cr I lines is caused by varying overlap of other atomic emission lines and varying intensity levels of Cr I lines. With low Cr 2 O 3 content of the slag, some Cr I lines can be hard to differentiate from background noise. On the other hand, no self-absorption was observed for the selected Cr I lines.
Selection of Reference Lines
The effect of varying line intensity on spectrum analysis can be mitigated by comparing the intensity of Cr I lines to intensity of excitations lines of reference component. The selection of a reference line in EAF arc plasma has to be made meticulously, because it depends on the availability of suitable reference lines as well as information of the amount of reference component in arc plasma.
The accuracy of analysing slag Cr 2 O 3 ratios with atomic The scatter of the intensity ratios can be expressed with median absolute deviation from median (MAD). MAD was used as a measure of variability because the data contained outliers. The MAD values of different samples are presented in Table 5 for each line ratio with the highest linear regression R 2 to XRF analysed slag composition.
Mg I Lines as Reference
Mg I lines measured from pilot EAF arc emission spectrum are highly broadened. Using Mg I as a reference is difficult since broadening causes the lines to overlap with other nearby lines and reduces the intensities. Strong Mg I lines at 552.840 and 571.109 nm, which were good reference lines in laboratory scale analysis, 10) 
The correlation between analysed XRF composition and Cr I/Mg I line ratios was the poorest of the tested reference components, as can be observed in Table 4 . It is interesting to note that the Cr I/Mg I line ratios have better correlations to slag Cr 2 O 3 content than the actual slag Cr 2 O 3 /MgO ratio.
In Table 4 it can be observed that using Mg I as a reference yields better results than the use of only Cr I lines, but it is still only suitable for the analysis of large changes in Cr 2 O 3 /MgO ratio of slag. The scatter does not explain the lack of accuracy since MAD in Table 5 is low. The deviation between line ratios and XRF analysed Cr 2 O 3 /MgO ratio can be explained by the broadening of Mg I lines, which causes the intensity of the Mg I lines to reflect broadening conditions rather than amount of Mg I lines in the arc plasma.
Fe I Lines as Reference
Fe I lines observed in the spectrum are of very low intensity, which makes them susceptible to spectral interferences. On the other hand, Fe I lines in optical emission spectrum are very numerous and their intensity being low means that they are not affected by self-absorption. In Table 4 it can be observed that using Fe I lines as a reference yields high linear regression, but the amount of reference lines with high regression is lower than for Ca I and Mn I as reference. In addition, the temporal variance of Cr I/Fe I line ratios is high, as can be observed from the high MAD in Table 5 . MAD is higher in the spectra measured from heat 1, which is likely caused by lower intensity of Fe I lines due to lower amount of FeO in the heat 1. 
Mn I as Reference
Manganese as a reference behaves in a similar way as calcium, as can be observed in Tables 4 and 5 . On the other hand, using Mn I lines as a reference yielded the highest linear regression R 2 of all composition ratios (Fig.  4) . Mn I lines have relatively high intensity, which makes the approximating their intensity easier. Many distinct Mn I lines are observed in the spectrum, which is reflected in the high amount of possible reference lines with a high correlation to slag Cr 2 O 3 /MnO ratio. Some spectral overlapping was observed, Mn I lines between 404 and 408 nm tended to merge into a wide structure, from which it was hard to distinguish individual lines. Temporal fluctuations of Cr I/ Mn I line ratios are also lower than Cr I/Fe I ratios due to the higher intensity of Mn I lines, which can be observed as very low MAD. ... (1) where I is the line intensity ratio. Fig. 5 . Outliers caused by fluctuating plasma conditions were removed by defining the 20th largest intensity ratio in the measurements as Max I . The Cr 2 O 3 content of the slag can be approximated with the linear regression presented in Fig. 5 with an average absolute error of 0.62%-points and a standard deviation of 0.49%-points.
Combining Multiple Line Ratios to
Despite combining the effects of multiple line ratios, some temporal variation in average relative line ratios still exists. In Fig. 6 presenting the fluctuation of indicator formulated by combining the three line ratios, it can be observed that during heat 1 the line intensities varied considerably, although the overall level rises with increased Cr 2 O 3 content of the slag. The variation is caused by the variation of Cr I/Fe I. If the aim of the measurement is to analyse the evolution of slag Cr 2 O 3 content, temporal variation does not decrease accuracy when it can be removed with a median filter. In the heat 2 the temporal variations are not as high, but the median of the samples 7 and 9 somewhat differs from the trend of increasing Cr 2 O 3 content. It is not certain if the remaining variation in heat 2 is related to the precision of the calculated indicator or slag inhomogeneity, the latter of which is difficult to correct.
Industrial Relevance of Slag Composition Ratios
A comparison of pilot scale AC arc furnace emission spectrum to slag composition indicate that the slag composition ratios of Cr 2 O 3 /CaO, Cr 2 O 3 /FeO and Cr 2 O 3 /MnO can be measured with relatively high accuracy. Measuring the slag Cr 2 O 3 content with an average absolute error of 0.62%-points would provide a reasonably accurate qualitative signal when to deviate from standard operational practice to ensure low ladle slag Cr 2 O 3 content. The exact amount of Cr 2 O 3 in the EAF slag is not important in minimizing chromium losses, assuming the amount of solid chromium containing precipitates is low and standard operational practice will reduce it to acceptable levels in the tapping. The main focus in analysing the measured emission spectra should be to define the relation between relative EAF slag Cr 2 O 3 content and ladle slag Cr 2 O 3 content. By obtaining this relation, it would be possible to define appropriate process practices for different levels of relative EAF slag Cr 2 O 3 content.
The feasibility of using the method in industrial scale depends on how well the results from pilot EAF can be translated to industrial EAF. There are three types of situations which can decrease the accuracy of the on-line OES measurement: if the measured line ratios do not reflect the plasma composition, if the measured plasma composition does not reflect the slag composition or if the measured local slag composition does not reflect the overall slag composition. The accuracy of measuring plasma composition in industrial EAF is significantly affected by the selection of correct reference component. On the other hand, relative differences in vaporization and thermal stability of slag components can affect the correlation between plasma and slag composition. The most difficult situation is if the accurately measured slag composition only reflects the local slag composition, which can be irrelevant in process control due to inhomogeneity of slag. The amount of CaO in industrial EAF slag depends on the amount of lime additions and volume of slag. The lime additions follow the predetermined process practice, which means that the amount of added CaO is known with certain accuracy. On the other hand, the amount of slag is difficult to define, as it depends on the amount of non-metallic material in the scrap charge and oxidation of metals during the EAF process. Therefore, the variation of CaO content of the slag depends on the amount and quality of the scrap melted in EAF. For example, the slag samples obtained for the earlier laboratory measurements had CaO between 37 and 53 mass percent. 10) Although the fluctuation of CaO content of the slag is high, the relative fluctuation is in the order of tens of percent. In this work, the slag Cr 2 O 3 content fluctuated between 3.4 and 11.3 mass percent while the amount of CaO was relatively constant. Because of the relatively constant amount of CaO in the slag, Cr 2 O 3 /CaO reflects the amount of Cr 2 O 3 in the slag quite accurately. It is not certain how the line ratio of Cr I/Ca I of the slag is affected by the variation in the CaO content of the slag, which will be much higher in industrial EAF. Slag MgO fluctuates in a similar way as CaO in stainless steelmaking EAFs. MgO is introduced to the furnace by charging dolomite lime and from the dissolution of refractories. The amount of MgO in slag fluctuates according to the amount of slag in EAF. However, the dissolution of refractories lowers the fluctuation of MgO in slag since a low amount of MgO in slag will lead to the faster dissolution of refractories. Even if the MgO amount in EAF would be constant, the accuracy of measuring slag Cr 2 O 3 /MgO ratio would be low with the current of spectrometer configuration. Increasing the accuracy of measuring slag Cr 2 O 3 /MgO ratio requires a spectrometer with higher optical resolution to isolate the broadened Mg I lines better.
In industrial stainless steelmaking EAFs, the amount of Cr 2 O 3 , FeO and MnO is linked. When comparing the heats of the same steel grades, their amount in EAF slag does not depend highly on the amount of slag, but the oxidation conditions in the furnace. The amount of these components in slag is significantly increased by oxygen blowing and decreased by reduction with carbon and silicon dissolved in steel. 1, 2) This behaviour is advantageous in analysing slag Cr 2 O 3 content with FeO and MnO as a reference since the variance of the composition ratios are induced by the changes in process conditions rather than the composition of the scrap charge. Therefore, the line ratios of Cr I/Fe I and Cr I/Fe I are promising for analysing slag Cr 2 O 3 content.
The accuracy of analysing slag Cr 2 O 3 content with multiple reference components would be increased if more reference components could be introduced. The major slag components not analysed in this study are SiO 2 and Al 2 O 3 . Using Si I or Al I lines as a reference would require spectrometer configuration specifically modified to see the atomic emissions of these elements, because the strong lines of Si I and Al I are in wavelengths below the spectrometer range or highly overlapped with other lines.
Phenomena Affecting the Connection between Slag
Composition, Plasma Composition and Optical Emissions from Plasma The second factor affecting accuracy of slag composition analysis is the difference in the vaporization and thermal stability of slag components. Relative differences in vaporization and thermal stability of slag components can affect the amount of atomic elements in the arc plasma. These phenomena only affect the accuracy of on-line OES with internal reference if they cause relation between the slag composition and arc plasma composition to fluctuate. This can occur if the composition of the arc plasma significantly depends on the plasma temperature or the electron density of the plasma.
Even if the composition of the arc plasma is constant, the differences in plasma temperature can affect the connection between the slag composition and line ratios. The intensity of an atomic emission line depends on the amount of excited atoms in the upper level, which is influenced by the plasma temperature. When using internal reference, plasma temperature affects the line intensity ratios if the excitation energy of the analysed line differs from the reference line. 15) The effect of fluctuating plasma temperature can be assessed by comparing the correlations of the different line ratios and XRF analysed slag composition ratio. The differences in thermal stability and vaporization of slag components, as well as changing plasma temperature already affect the on-line OES measurement in pilot scale EAF. Cr 2 O 3 content of the slag could be measured with a reasonable accuracy in these measurements, which suggests that the effects caused by the differences in plasma characteristics could be sufficiently mitigated by using internal reference and median filter.
The accuracy could be potentially somewhat increased if plasma diagnostics would be included in the linear regression model. One substantial difference between pilot and industrial EAF plasma is the larger diameter of the industrial EAF plasma. The large diameter arc plasma in industrial EAF is more prone to self-absorption, which has to be considered when selecting atomic or ionic emission lines used in the analysis.
Slag Inhomogeneity
The third factor causing the error in measuring the slag composition in industrial EAF is the slag inhomogeneity. There are two types of slag inhomogeneity in industrial EAF, local inhomogeneity and inhomogeneity between slag in the different parts of EAF. The local inhomogeneity of slag surface does not affect the measured relative Cr 2 O 3 content of the slag, because data is obtained continuously and temporal filters can be utilized. Electric arc moves constantly on the slag surface, which means that the time average of line ratio represent the average of a certain slag area. This type of averaging is not possible with discrete slag composition data obtained with manual probes. In addition, the difference between surface and bulk slag composition affects the OES measurement less than LIBS measurement, because the arc plasma penetrates deeper to slag surface than the laser pulse in LIBS.
Slag inhomogeneity between different parts of the EAF is caused by the varying oxidation and mixing conditions. The intense mixing caused by the electric arc can make the slag at the centre of EAF relatively homogenous, but certain compositional difference between the centre and the less mixed furnace sides will exist. Oxygen or carbon injection can also locally reduce slag components or oxide alloying elements to the slag. It is likely that some of the variation in the slag Cr 2 O 3 analysis in this work is induced by inhomogeneity of the slag, although the inhomogeneity can be expected to be higher in industrial EAF. The effect of large scale slag inhomogeneity on the accuracy of measuring slag Cr 2 O 3 content can only be verified by testing the system in industrial conditions.
Conclusions
In this work the optical emission spectra of the electric arc from pilot EAF was used to analyse the Cr 2 O 3 content of the slag. The optical emission spectrum resembles highly that of an industrial electric arc and multiple lines of Cr I, Mn I , Fe I, Ca I, Mg I were observed. The comparison of calculated line ratios to XRF analysed slag composition suggest that the best accuracy can be obtained in pilot EAF with the slag component ratios Cr 2 O 3 /CaO, Cr 2 O 3 /FeO and Cr 2 O 3 /MnO. The use of other reference components require spectrometer configuration having a higher optical resolution or a narrower wavelength range.
By combining the line ratios with highest linear regressions to the slag composition, the slag Cr 2 O 3 content could be approximated with an average absolute error of 0.62%-points and a standard deviation of 0.49%-points. This error would be acceptable considering there is no on-line information of EAF slag Cr 2 O 3 content currently available.
The application of the method to industrial EAFs requires meticulous selection of reference components and lines in order to mitigate the fluctuation of reference components. In this regard, the most promising reference components are MnO and FeO since they are linked to slag Cr 2 O 3 content due to oxidation and the reduction of these components in the industrial EAF. In order to validate the results, testing the measurement system in industrial conditions is required.
